␤-ketothiolase, acetoacetyl-CoA reductase, and PHB synthase. These enzymes are encoded by phbA, phbB, Alfalfa (Medicago sativa L.) is primarily used as a source of forage and phbC, respectively (Slater et al., 1988 Although various approaches for producing PHB in plants have been reported, most of these utilize Arabidopsis. Recently, production of PHB/V was achieved in the seed of oilseed rape (Brassica napus L.), demonstra-A lfalfa is one of the most important forage crops ting that it is possible to produce PHA in crop plants because of its high biomass production, good nutri- (Slater et al., 1999). tional qualities, and adaptation to a wide range of enviAt present, the synthesis of PHB as a single endronments. Genetic engineering has the potential to improduct in crops is economically challenging. Poly-␤-prove the economic value of alfalfa by introducing genes hydroxybutyrate levels of 15% DW are needed for practo improve its adaptability and agronomic characteristical large-scale commercial production (Valentin et al., tics, and to increase its utilization in nontraditional areas 1999). Recently, Arabidopsis plants with PHB levels of such as in phytoremediation and production of indus-40% DW were obtained, but the plants were stunted trial raw materials. One attractive approach is to engiand infertile (Bohmert et al., 2000). However, plants neer alfalfa to produce biodegradable plastics as a valueproducing PHA at levels compatible with growth could added component.
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be used for multiple purposes to increase overall crop Many species of bacteria accumulate polyhydroxyalvalue. Production of bioplastics in alfalfa leaves could kanoates (PHA) as energy storage compounds in rebe combined with use of alfalfa for feed and energy. sponse to nutritional stress (Anderson and Dawes, In such a system, alfalfa leaves could be harvested to 1990). Some PHA polymers are commercially valuable produce PHB, leaf by-product could be processed into as biodegradable plastics. Polyhydroxybutyrate is a a feed, and stems could be used for producing either PHA produced in R. eutropha (Yabuuchi et al., 1995) electricity by gasification or ethanol by fermentation. via a three-enzyme biosynthetic pathway consisting of As a start towards this goal, the objectives of this study 919 to initiate transfer of this trait into germplasm developed Reverse Transcriptase-Polymerase Chain Reaction Analysis for high biomass production.
Two 30-mer oligonucleotides (5Ј-ATTTTCGATGACTG ACGTTGCATCGTATC-3Ј and 5Ј-CTGGCAGTCGAGCGC
MATERIALS AND METHODS
AAATAAGAATTCTTA-3Ј), specific to the phbA gene from R. eutropha, were used as primers in reverse transcriptase-
Plant Transformation
PCR (RT-PCR) analysis by means of the Access RT-PCR For synthesis of PHB and PHB/V in alfalfa, two types of System (Promega) and total alfalfa RNA. The 1.3-kilobase transgenic plants were produced. Vectors pMON25948 and pair DNA product was purified by means of a QIAquick PCR pMON25949 (generously provided by K. Gruys, Monsanto purification kit (QIAGEN, Valencia, CA) according to the Co., St. Louis, MO) carry the entire PHB biosynthetic pathmanufacturer's instructions. Nucleotide sequence data were way, but differ in the ␤-ketothiolase gene used. pMON25948
obtained by means of the same primers as for RT-PCR. Secontains phbA, phbB, and phbC, each under the control of quences were analyzed and compared by the BLAST program the CaMV 35S promoter and fused to the Arabidopsis ribulose of the Wisconsin Genetic Computer Group software package biphosphate carboxylase (RuBisCo) small subunit 1a transit (Accelrys, San Diego, CA). peptide. pMON25949 is identical except phbA was replaced with bktB. Both vectors use a 35S-neomycin phosphotrans-
Gas Chromatography and GC-Mass
ferase II (NPTII) gene for selection of transformed plants.
Spectrometry Analysis
The plasmids were mobilized into Agrobacterium tumefaciens strain LBA4044 by triparental mating and were used to transTransgenic plants were grown in the greenhouse for 9 wk until the oldest leaves started to senesce to allow for maximal form a highly regenerable clone selected from Regen-SY accumulation of PHB. Foliage was harvested, frozen at Ϫ80ЊC, (Bingham, 1991) . Transformation was carried out as described and lyophilized until dry (≈4 d). From each transgenic line, (Austin et al., 1995) , with the exception that selective media ≈50 mg of dried alfalfa leaves were analyzed for PHB content contained 50 g/mL kanamycin instead of 25 g/mL. Approxitwo times. Whole leaflets were extracted at 95ЊC for 4 h with mately 160 explants were cocultivated with A. tumefaciens a mixture of 1 mL of chloroform and 1 mL of methanol:sulfuric LBA4404 containing either pMON25948 or pMON25949. Only acid (85:15, v/v) containing 100 g/mL benzoic acid as an one plant from each explant was selected to ensure that each internal standard. Following the acid methanolysis, samples plant arose from an independent transformation event. Plants were extracted with 1 mL of 0.9 M NaCl, and the organic were transferred into soil and were grown in the greenhouse at phase was subjected to GC. Chromatography was carried out 22 to 28ЊC under a 14-h daylength. Putative transformants were with a Hewlett Packard 5890 fitted with a 30 m DB Wax 30W initially screened for presence of nptII by polymerase chain recolumn (J&W Scientific, Inc., Folsum, CA). The temperature action (PCR) by means of the primers NPTII upper (5Ј-GAT profile used was 60ЊC for 0.5 min, increasing at a rate of 10ЊC ATGACTGGGCACAACAGAC-3Ј) and NPTII lower (5Ј-CG min Ϫ1 for 14 min, and 200ЊC for 5 min. As a standard, bacterial TCAAGAAGGCGATAGAAGG-3Ј). Each reaction con-PHB (Polysciences, Inc., Warrington, PA) was used. For GCtained 1 ϫ Taq DNA polymerase reaction buffer (Promega, mass-spectrometry (GC-MS), a 1-L aliquot of the methyl Madison, WI), 2 mM MgCl 2 , 0.25 mM each dNTP, 5 pmol ester derivatives of PHB prepared as described above was each primer, 1 unit Taq polymerase (Promega), and ≈1 g injected into a Varian Saturn-3 GC-mass spectrometer and plant DNA. Polymerase chain reaction was conducted for 30 the electron impact mass spectrum was collected at 70 eV. cycles of 94ЊC for 30 sec, 55ЊC for 1 min, and 72ЊC for 1 min.
The mass fragmentation profile was compared with that of Polymerase chain reaction products (20 L) were electrophothe PHB standard. resed on a 1% (w/v) agarose gel and visualized by staining with ethidium bromide.
Nuclear Magnetic Resonance Spectroscopy
Dehydrated alfalfa leaves (2 g) were ground to a fine pow-RNA and DNA Blot Analyses der with a coffee grinder, extracted with methanol for 1 d in RNA and genomic DNA from alfalfa leaves were isolated a Soxhlet apparatus (Kontes Glass Company, Vineland, NJ), by means of Trizol 1 reagent (Life Technologies, Inc., Rockand dried for ≈6 h at room temperature. Polymer was extracted ville, MD) and the Puregene kit (Gentra System, Inc., Minnefrom the plant material with hot chloroform in a Soxhlet apolis, MN), respectively, following the manufacturers' inapparatus for 1 d. The polymer in chloroform solution was structions. Genomic DNA (20 g) was digested to completion concentrated by evaporation and purified by reprecipitation with restriction enzymes and electrophoresed through 0.8% with methanol (chloroform:methanol, 1:5 v/v). Following an (w/v) agarose gels. Total RNA (10 g) was electrophoretically overnight precipitation, samples were centrifuged at 4000 ϫ separated through 1% (w/v) formaldehyde/agarose gels. Equal g for 15 min. The pellet was resuspended in 0.5 mL of deuterloading of lanes was confirmed by ethidium bromide staining ated-chloroform and analyzed with a 500-MHz Nicolet (Warwick, UK) NT-300WB FT-NMR. of gels prior to blotting. Gels were blotted to a Zeta-Probe membrane (Bio-Rad, Hercules, CA), prehybridized, hybridized, and washed as recommended by the manufacturer.
Visualization of Polyhydroxybutyrate
Probes were made from the coding regions of phbA and phbB For visualization by epifluorescence, leaf tissues from 60-dlabeled with 32 P by means of a random priming kit (Roche old transgenic and control plants were stained with Nile Blue Laboratories, Nutley, NJ).
A, as described by Ostle and Holt (1982) , and specimens were viewed under an excitation wavelength of 546 nm with a Nikon (Tokyo, Japan) Eclipse E800 photomicroscope equipped with three-chip color charge-coupled device camera (Cool Camera Company, Decatur, GA). Optical sections of the specimens stained with Nile Blue A were viewed with a BioRad MRC-1024 confocal microscope attached to a Nikon Diaphot inverted microscope equipped with a 15-mW Krypton/Argon laser. Digital single images were collected by projection of the optical sections using LaserSharp version 3.2 software (Bio-Rad Microscience Ltd., Hemel Hempstead, UK) and analyzed using NIH Image version 1.62 (National Instiutes of Health, Bethesda, MD).
For transmission electron microscopic analysis, alfalfa plants were kept in darkness for 3 d to deplete starch and samples were prepared as described by Poirier et al. (1992) . For immunolocalization, mature leaves were fixed with 3% (w/v) paraformaldehyde:0.25% glutaraldehyde in 0.1 M sodium phosphate buffer (pH 7.2) for 2 h at room temperature, then washed in 0.1 M sodium phosphate buffer (pH 7.2). Samples were dehydrated in a graded ethanol series and embedded in LR White resin (Sigma-Aldrich, St. Louis, MO). The resin was polymerized for 1 h in a microwave oven initially at 45ЊC for 10 min, then the temperature was increased 10ЊC and EcoRV, and blots hybridized with probes of phbA Introgression into Elite Germplasm or phbB (Fig. 1) 
Pathway in Transgenic Alfalfa
indicating that alfalfa transformants contained transcriptionally active genes of the PHB biosynthetic pathFrom a total of 114 plants putatively transformed with way (Fig. 2) . Additional tissues from transgenic Line pMON25948 and 98 plants transformed with pMON-864 were analyzed for expression of each of the phb 25949, 100 (88%) and 85 (86%) were positive for the genes. All three genes of the PHB biosynthetic pathway presence of nptII, respectively. Integration of genes enwere constitutively expressed in the leaf, stem, root and coding the PHB biosynthetic pathway into the alfalfa root-nodule tissues of transgenic alfalfa (data not genome was confirmed by DNA blot analysis. Genomic shown). As a control in RNA blotting experiments, we DNA from three transgenic lines, 863, 864 (pMON-85948), and 913 (pMON85949), was digested with EcoR1 included RNA from untransformed alfalfa leaves on (3-HB). We found that 82 out of 100 PHB plants analyzed had a peak corresponding to the same elution time as the methyl 3-HB standard (Fig. 3A) . Thus, 82% of the transgenic plants produced detectable amounts of the monomers that comprise PHB. Methyl 3-HB was not detected in untransformed control alfalfa plants.
The transgenic plants varied widely in their PHB content, from ≈0.025 to 1.8 g kg Ϫ1 DW (Line 864) (Fig. 3A) . These concentrations are lower than the amounts of PHB previously reported in cotton (0.34% DW) (John and Keller, 1996) , Arabidopsis (7-40% DW) (Bohmert et al., 2000; Nawrath et al., 1994; Valentin et al., 1999) , and Brassica (Ͻ3% DW) (Slater et al., 1999) . The reasons for low amounts of PHB produced in our study are unclear. The PHB levels produced in various transgenic plants cited above were achieved using different genetic strategies to express the PHB biosynthetic pathway, pathway targeted for chloroplast localization was most efficient in achieving high amounts of PHB in Arabidopsis (Bohmert et al., 2000; Valentin et al., 1999) . Althe blots and hybridized with probes made from the though we used the same strategy, the transgenic alfalfa individual phb genes (Fig. 2) . The phbA probe hybridplants we generated did not produce the amounts of ized to a 1.3-kb band under highly stringent conditions PHB reported in Arabidopsis (7-40% DW). in repeated experiments with separate preparations of The degree to which PHB accumulates in transgenic RNA from untransformed alfalfa plants, whereas hyplants may depend on host plant and tissue. A high bridization with the phbB or phbC gene probes was not flux of carbon through acetyl-CoA, which is particularly detected. To further investigate the transcript hybridizenhanced in seeds of oil-accumulating plants such as ing with phbA in untransformed alfalfa, we cloned the Arabidopsis and Brassica, could result in a higher rate transcript by RT-PCR using phbA gene-specific primers of PHB synthesis than in alfalfa leaves. As shown in and sequenced 982-bp from the single 1.3-kb product Fig. 2 , Line 864, with the highest accumulation of PHB, obtained (GenBank accession: AF410849). Surprisingly, had relatively low amounts of transcript accumulation the DNA sequence analysis revealed that R. eutropha from the phbABC genes, suggesting poor mRNA stabilphbA (Slater et al., 1988 ) and the untransformed alfalfa ity. Alternatively, the presence of four 35S promoters sequence share 92% nucleotide identity. This was condriving expression of the phb genes and the selectable firmed by DNA blot analysis, which showed that the marker gene could lead to T-DNA rearrangements or 1.3 kb RT-PCR fragment from untransformed alfalfa gene silencing. An increase in PHB production may had strong hybridization with the bacterial phbA gene require use of more active promoters or an increase in (data not shown). The BLAST search analysis of the gene copy number through insertion of transgenes into untransformed alfalfa sequence revealed 55 to 60% nuthe chloroplast genome. Some of the highest levels of cleotide identity with 3-ketoacyl-CoA thiolase genes transgene product accumulation have been obtained via from Arabidopsis (Hayashi et al., 1998) Kindl, 1993) , and pumpkin (Cucurbita pepo chloroplasts is well tolerated by plants. In addition, the L.; Kato et al., 1996) . Given the high nucleotide conserpolycistronic nature of the chloroplast protein synthesis vation of the RT-PCR product with R. eutropha phbA apparatus makes the expression of multiple genes theo-(92%), and lack of a distinct hybridization signal when retically easier than with nuclear transformation. Regenomic DNA from untransformed alfalfa was probed cently, stable expression of a biodegradable bio-elastic with phbA, it is possible that the phbA-hybridizing tranprotein polymer was obtained by transformation of toscript in untransformed alfalfa originated from endobacco chloroplasts (Guda et al., 2000) . Finally, PHB phytic or epiphytic bacteria.
extraction from plant cells remains challenging. Mittendorf et al. (1998) reported that ≈60 to 75% of the
Detection of Polyhydroxybutyrate
PHB remained in Arabidopsis plant material after extraction procedures. It is possible that the PHB detected Gas chromatography analyses were performed to measure levels of PHB in all transgenic lines. Mature in alfalfa plants accounts for only the fraction of PHB polymers that were able to pass through the cell wall and presenescing leaves of 9-wk-old plants were harvested, and the leaf extracts were analyzed for the presmatrix, while PHB remaining trapped inside the cells may have escaped GC detection. ence of PHB constituent monomers 3-hydroxybutyrate Alfalfa plants transformed with the construct for of insufficient flux of substrates to synthesize 3-ketovaleryl-CoA for production of PHB/V. Gas chromatogra-PHB/V synthesis were screened for the presence of both 3-HB and 3-hydroxyvalerate (3-HV) monomers. On the phy analyses of 3-HB content in the leaf extracts from PHB/V plants varied from ≈0.037 to 0.34 g kg Ϫ1 (Fig.  basis of GC analysis, 3-HB monomers were detected in 53 plants from a total of 85 (Fig. 3B) . However, only 3B). The average accumulation of 3-HB in PHB/V plants was two-fold lower than in PHB plants, indicating one transgenic line (913) had detectable amounts of a compound that eluted with the same retention time as that expression of the two different ␤-ketothiolase genes, phbA and bktB, has a significant effect on the the methyl 3-HV standard. To synthesize PHB/V in plants requires sufficient flux of both acetyl-CoA and level of PHB produced in alfalfa leaves. Our results suggest that additional metabolic modification to boost propionyl-CoA. Unfortunately, plants do not produce large amounts of propionyl-CoA in plastids (Poirier, the levels of propionyl substrate in the plastids of alfalfa plants is required for efficient synthesis of PHB/V. 1999). Creating a high flux of propionyl-CoA in plastids would require a further modification of metabolic pathFurther identification of the compound from transgenic alfalfa eluting with 3-HB was carried out by GCways. Polyhydroxybutyrate-co-hydroxyvalerate accumulated to 3% DW in Arabidopsis leaves and in the MS. Gas chromatography-mass-spectrometry analysis showed that 3-HB from transgenic plants had a mass seeds of B. napus, when threonine deaminase encoded by ilvA from Escherichia coli for synthesis of propionylfragmentation pattern similar to that of the bacterial PHB standard (Fig. 4) , indicating the presence of PHB CoA was expressed along with bktB, phbB, and phbC (Slater et al., 1999) . The transformation construct used in the transgenic alfalfa plants. However, GC and GC-MS data provide indirect evidence for the presence of in our study did not contain genes needed to boost the pool of precursors in the plastids. Therefore, the absence PHB in transgenic plants, since both methods detect a derivatized product of the polymer. of detectable amounts of 3-HV is most likely the result We employed several microscopy-based methods to and 864, PHB/V Line 913 and a nontransformed control visualize PHB accumulation inside the plant cells. The prepared as described (Mittendorf et al., 1998) were dye, Nile Blue A, is used to stain bacterial PHB (Ostle subjected to 1 H-NMR. The 1 H-NMR spectrum obtained and Holt, 1982) . Stained PHB granules emit red fluoresfrom the two PHB plants showed that both transgenic cence at an excitation wavelength of 546 nm. Tissues lines had the characteristic peaks at 1.2, 2.5, and 5.2 from the leaf, stem, and root nodules of both wild type ppm found in the PHB standard (Yoshie et al., 1992) and transgenic alfalfa stained with Nile Blue A were and an example of the analysis is shown on Fig. 5 . For observed by epifluorescent microscopy. We detected the PHB/V line, the 1 H-NMR spectrum showed that it similar bright fluorescing granules in the leaves, stems, contained PHB polymer, but peaks corresponding to and root nodules of transgenic plants. The diameter of 3HV were not apparent, partly due to interference by fluorescing granules was ≈0.3 m. Single images procontaminants in plant cell extracts. It is also possible that jected from 24 consecutive optical sections from leaves 3HV synthesized in plant cells are below the detection of untransformed and transgenic alfalfa are shown in levels. Extracts from control nontransformed alfalfa leaves contained no peaks characteristic of the PHB Fig. 6A , B. Fluorescing particles were observed in all chloroplast-containg leaf and stems cells of transgenic appeared to contain red fluorescing loci, most likely stained lipids, which resemble the PHB staining reaction plants, but fluorescing particles were not seen in the untransformed control. Root nodules of both transgenic (Menschik, 1953) . Optical sections clearly showed that only transgenic alfalfa contained fluorescing granules, and control plants contained numerous fluorescent spots. Although Sinorhizobium meliloti cells naturally likely to be PHB, within plastids in nodule cells.
To study the cellular localization of PHB granules, produce PHB as free-living bacteria, they do not produce PHB when in symbiotic association with alfalfa we analyzed ultra-thin sections of alfalfa leaf cells. Transmission electron microscopy of Line 864, express-(Willis and Walker, 1998) . Thus, the fluorescence observed was not due to PHB in bacteroids. Optical secing all three genes, revealed that PHB accumulated as groups of electron-lucent granules (Fig. 6D) . The size tioning of the nodules by confocal microscopy revealed that intercellular spaces of untransformed root nodules of PHB-associated granules ranged between 0.2 and 0.4 m in diameter. Inclusions of PHB were located only plants. This study further supports evidence that the enzymes for PHB synthesis are targeted to alfalfa chloin chloroplasts, which suggests plastid-targeting of all enzymes. Transmission electron microscope observaroplasts, where they catalyze the production of PHB that accumulates in the stroma as granules. tions also revealed that some chloroplasts appeared to accumulate fewer granules, ranging from a single granProgeny Analysis of Polyhydroxybutyrateule to groups of two or three per chloroplast, indicating Producing Plants different rates of PHB accumulation. Not all chloroplasts from transgenic plants accumulated PHB granTransgenic plants exhibited no specific phenotypic ules. A similar observation was found in PHB-producing features that could be directly linked to the presence Arabidopsis (Nawrath et al., 1994) .
of PHB transgenes. Transgenic plants developed normal In previous studies, bacterial PHB synthase was found flowers and seeds, suggesting that expression of the PHB bound to the surface of bacterial granules (Haywood et biosynthetic pathway genes at current levels in the plasal., 1989). Immuno-gold labeling with anti-PHB syntids had no deleterious effect on growth and fertility. thase antibodies showed preferential binding of gold Cross-pollination with nontransformed plants was necparticles to a number of chloroplast structures. Gold essary due to the obligately outcrossing nature of alfalfa particles were clearly bound to the surface of PHBin which selfing leads to severe inbreeding depression. granules, indicating that PHB synthase is present in Cross-pollination was also performed to transfer the chloroplasts of transgenic Line 864 (Fig. 6E) . The addi-PHB transgenes into an elite alfalfa background, betional structures to which gold particles were attached cause the Regen-SY alfalfa genotype used for transforresembled small granular shapes, apparently the surface mation lacks qualities desirable for breeding purposes of PHB granules, which had been sectioned during samand agronomic use. ple preparation. A limited amount of nonspecific bind-A total of 56 seedlings, 28 from the cross 863 ϫ UMN2966 and 28 from the reciprocal cross, were anaing was observed on sections of control nontransformed This is the first demonstration of PHB production in duction costs would also likely be lower than those of
